In this article, a kind of position control method based on double speed closed loops is proposed to reduce turning error and nonlinear dead zone, which are caused by the flexibility and nonlinear friction in harmonic drive system. The speed loop of motor side is the inner loop and the speed loop of load side is the outer loop. Besides, the robustness performances of double speed loops and single speed loop are analyzed in theory, respectively. And it is stated that the performance of double speed loops is better than the performance of single speed loop. Furthermore, to further reduce the turning error and enhance the precision of system, the article puts forward applying double proportional-integral controllers with double extended state observers in the two speed loops. Extended state observers can transform the nonlinear models into an approximate linear model and eliminate the nonlinear frictions in the system. Finally, a few comparative experimental results show that the proposed control method has better performance for restraining the nonlinear features and enhancing the precision of the harmonic drive system.
Introduction
Harmonic drive gear is extensively used in robots 1, 2 and space fields 3 because of the following advantages: high transmission ratio, high load capacity, drive stability, compact volume, and light weight. 4, 5 Even though it has so many advantages, it is inevitable that it also introduces some new problems to the systems, such as small drive backlash, 6 flexibility, 7 hysteresis, 8 and nonlinear friction. 9 This is because the flexibility is the inherent characteristic of harmonic drive gear. 10 Those disadvantages increase the control difficulty of systems. To reduce the torque ripple of harmonic drive, Lu and Lin 11 proposed a kind of adaptive feedforward control method which was based on disturbance observer. This method was a useful method. But it is needed to install an extra torque sensor. In the literature, Alireza et al. 12 proposed to make use of structurally dynamic wavelet 1 network to design adaptive controller to inhibit friction in harmonic drive. It combined the advantages of adaptive control, slide control, and fuzzy control. Without a doubt, it was a kind of complicated control method, relatively. Mokoto et al. 13 found the model of transmission error between input signals and output signals in harmonic drive and then compensated the transmission error. But the precision of this control method depended on the accuracy of transmission error model. Vassileva et al.
14 put forward a kind of control method without torque sensor for inhibiting the nonlinear friction in harmonic drive. However, this method is still needed to estimate the friction model. In fact, to solve the uncertainties of system models and disturbances, 15 there have been many advanced control methods that are used in all kinds of systems, such as H ' control, 16 adaptive control and nonlinear control, 17 fuzzy logic and neural network control, 18 slide control, 19 and linear quadratic Gaussian control. 20 Being different from the above methods, this article proposes a kind of position control method based on double speed closed loops with double extended state observers (ESOs). On one hand, taking into consideration the low stiffness of harmonic drive, the control structure of double speed loops is proposed. The control structure is achieved by utilizing the speed loop of motor side as inner loop and the speed loop of load side as outer loop. The aim of double speed loops is increasing the robustness of system. On the other hand, to restrain the nonlinear friction in motor side and in load side, the double ESOs are used in two speed loop controllers. As the core technology of active disturbance rejection control (ADRC), the ESO can estimate the accurate states of system models, 21 such as the speed signal and the friction state. Simultaneously, it only needs to know little knowledge of system dynamics. And it just includes the information of system's input and output. Thereby, it has been widely used in many systems, such as missile control system, 22 optical system, 23 and other high-precision occasions. 24 Therefore, the double ESOs are chosen to estimate the friction states in the inner speed loop and in the outer speed loop. Then the frictions can be compensated in the controllers. To illustrate the excellent performance of the proposed control method, three comparative experiments will be given in this article.
The remainder of this article is organized as follows. Section ''Harmonic drive system model'' gets the dynamic models. Section ''Performance analysis of speed loop'' introduces the performance analysis of speed loop. Section ''Design controller'' supplies the designing process of double proportional-integral (PI)-ESO controllers. The experiment results are presented in section ''Experimental result.'' And some conclusions can be found in section ''Conclusion.''
Harmonic drive system model
Harmonic drive system is depicted in Figure 1 . It is made of DC motor, harmonic drive reducer, load, host Figure 1 . Control structure of harmonic drive system. computer, and three sensors. This is a multi-sensor system. The sensors include optical-electrical encoder 2 of load side, absolute-type rotary encoder 1 of motor side, and tachometer. The motor is a high-speed brushless DC motor. The absolute-type rotary encoder 1 is installed at the motor side. Its linear numbers are 2500 steps/rev. The reduction ratio of harmonic drive gear is 100. Tachometer and optical-electrical encoder 2 are installed at the load side. Optical-electrical encoder 2 is a 21-bit high-precision encoder. The control structure schematic diagram of this method is found in Figure 1 .
According to the characteristic of harmonic drive reducer, it can use the stiffness coefficient K H and viscous coefficient c H to represent the harmonic drive gear. 25, 26 Besides, since the electrical response of the actuator is very fast, the current dynamics can be neglected. So the block diagram of harmonic drive system's control structure can be predigested in Figure 2 .
Where G 1 , G 2 , G 3 are the controller of speed loop in motor side, the controller of speed loop in load side, and the controller of position loop in load side, respectively. v l , v m are the load angular velocity and the motor angular velocity, respectively. u l , u r are the load angular position and reference angular position, respectively. P 1 is the torque constant of motor. P 2 is the mechanical transfer function of motor: 1=(J m s + c m ). J m , c m are the inertia of motor and the viscous coefficient of motor side, respectively. 1=N is the reduction ratio of harmonic drive. P 3 is the transfer function of harmonic drive gear: (K H s + c H )=s. P 4 is the load transfer function: 1=(J l s + c l ). J l , c l are the inertia of load and the viscous of load side, respectively. T 
where v is the angle velocity. s 0 , s 1 , and s 2 represent the microstiffness, microdamping of the internal state z, and the macrodamping of the velocity v, respectively. The function g(v) is chosen to capture the Stribeck effect, where F c and F s are the levels of Coulomb friction and stiction force, respectively. v s is the Stribeck velocity.
Performance analysis of speed loop
In harmonic drive system, it usually applies the control structure which includes speed loop and position loop. 5, 28 So it is a kind of mature control structure. In this article, it will only analyze the system performance of double speed loops and single speed loop. Namely, it analyzes the variety of with the speed loop of motor side or not.
With the speed loop of motor side
It can get the angular velocity of motor by derivating the motor angular position and then making use of the velocity as the speed feedback to design PI controller G 1 of speed loop in motor side. The block diagram between input voltage u and output angular velocity of load v 2 l is found in Figure 3 . From Figure 3 , the transfer function between the input voltage u and output angular velocity v 2 l can be represented by the following equation 
Without the speed loop of motor side
When there is no speed loop of motor side, it means that there is no motor speed feedback and the controller G 1 is 1. The control structure is shown in Figure 4 . In this case, the transfer function between input u and output v 1 l can be represented by the following equation (3)
Analysis of robustness
For being convenience to analyze the robustness of system in the following work, some expressions are defined as follows
It can analyze the robustness of system with the sensitive expression defined by Horowitz. The sensitive expression is
The sensitive expression will explain that whether the performance of system will change or not, when one of system's characteristics is changed. Here, it assumes the characteristic of motor is changed. Namely, P 2 transforms into P 0 2 . The other characteristics are similar, such as characteristic of load, P 4 . The transfer function between input voltage u and output angular velocity of load v l will be
Substituting equations (4) and (8) into equation (7) 
It readily obtains
Proof
In the harmonic drive system, since the N 2 meets N 2 ..1
When the parameter of controller G 1 can be satisfied
It can readily obtain
Specially, since the proportional gain of controller G 1 is usually bigger, it easily has
So it can get the conclusions: when the speed closed loop of motor side is introduced, it can reduce the sensitiveness of system and enhance the robustness of inner loop. This is why the inner loop can reduce the influence caused by the friction force T m f . Similarly, the speed loop of load side can enhance the robustness of outer loop. It can reduce the influence caused by the friction force T l f .
Design controller
The aim of designing speed loop controller is eliminating the nonlinear friction T 
Design the inner speed loop PI-ESO controllers
According to Figure 2 , it can be known that P 2 = 1=(J m s + c m ). Therefore, by simplifying the system model, the dynamic model of motor side can be got as follows
where T m d is the disturbance in the motor side, which is introduced by the harmonic gear.
Rewriting the system model (20) 
where
Therefore, the observable matrix will be
It means that the system is observable. So an ESO can be constructed as 
Therefore, if the matrix A is Hurwitz, the ESO will be bounded-input bounded-output (BIBO) stable. 30 In the matrix A, the parameters b 
where v m0 is the bandwidth of ESO in the inner speed loop, which needs to be designed in the ESO. Equation (27) can promise the matrix A being Hurwitz.
Lemma 1.
If h m (t) is bounded, there will be a positive constant z i .0 and a finite time T 1 .0 such that
The proof can be found in literature. 31, 32 Remark 1. Equation (27) 
Namely, the nonlinear system (20) is converted to an approximate linear integral system (28)
So we can design a PI-type controller in the speed loop of motor side 
Design the outer speed loop PI-ESO controller
When the controller of inner speed loop is completed, there will be
It means
where u l represents the input signal of speed loop in the load side. Similarly, according to the characteristic P 4 = 1=(J l s + c l ) of load, it can get the dynamic model of load side as follows
where T l d is the disturbance in the load side, which is introduced by the harmonic gear.
Rewriting the dynamic model of load side
l is a parameter that can be adjusted in outer loop controller.
It assumes that f l (t, v m , v l ) is differentiable and h l (t) = À (df l (t, v m , v l ))=dt. Besides, there is a positive constant b l to meet h l (t) j j b l . So the total disturbance f l (t, v m , v l ) can be extended as a separate state. Then system will be transformed into
Experimental results of speed tracking 
Experimental results of position tracking
Position loop experiments are a kind of multiple-loop control structure. The position tracking results and tracking errors of three control methods are shown in Figure 6 . It shows the system precision has a great improvement when the control method of double speed loops is used. When the control method of single speed loop is applied, the blue dotted line shows the maximum tracking error is 23:68 0 . When the control method of double PI speed closed loops is applied, the red dashed line shows the maximum tracking error is 6:13 0 . When the control method of double PI-ESO speed loops is applied, the green solid line shows the tracking error is only 2:81 0 . Comparing the three control methods, the results are shown in Table 1 .
Conclusion
To reduce the dead zone and turning error in harmonic drive system, three position control methods are proposed in this article. The first kind of method is based on single PI speed loops. The second kind of position method is based on double PI speed loops. The third kind of position method is based on double PI-ESOs speed loops. The experimental results show that the control method of double PI-ESOs speed has great performance to eliminate the nonlinear friction and reduce the turning error. The maximum error and mean square error are reduced by one half. Since the resolution of encoder at motor side is only 2:16 0 , and the best tracking precision of harmonic drive system is 2:81 0 , the precision of harmonic drive system still has the possibility to be improved. The future plan will improve the resolution of encoder at motor side.
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